Integrins are cell adhesion receptors that mediate cellextracellular matrix and cell-cell interactions. Each integrin consists of two glycoprotein subunits (a and B). We have previously described a novel integrin p-subunit, 86, which is expressed in cultured epithelial cells. P6 can associate with a v to form the fibronectin-binding heterodimer avP6. Here we report the tissue distribution of P6 integrin mRNA determined by in situ hybridization of a P6 cRNA probe with representative frozen tissue sections from a rhesus monkey tissue bank. We detected P6 mRNA exclusively in epithelial cells. However, P6 mRNA expression varied greatly among &rent epithelia. High levels of 86 mRNA were found only in two very specialized epithelial cell types: a portion of the kidney tubule epithelium, termed macula densa, and the endometrial epithelium of secretory phase uterus. In the endometrium, 86 expression was highest in the differentiated
Introduction
Integrins are a family of cell adhesion receptors ubiquitously expressed throughout the body (for review see Hynes, 1992; Ruoslahti, 1991; Albelda and Buck, 1990) . Integrins are composed of two glycosylated polypeptide subunits (a and (3) each. To date, 14 different but clearly homologous a-subunits and eight different P-subunits have been described. Both aand P-subunits participate in determining ligand specificity. Most integrins bind extracellular matrix ligands such as collagens, laminin, and fibronectin. Some integrins are known to mediate cell-cell adhesion by binding to membrane proteins such as ICAMs or VCAM-1. In addition, epithelium of functional layer glands, suggesting that 86 expression can be regulated in a differentiation-dependent manner. P6 expression may also depend on the stage in the estrous cycle, since we found much lower p6 mRNA levels in a specimen of proliferative phase endometrium. Epithelium in several other tissues, including salivary gland ducts, gall bladder, and epididymis, contained detectable levels of p6 mRNA, albeit much lower than in macula densa and endometrium. In other epithelia, including skin and lung, P6 mRNA was undetectable. Taken together, these results suggest that in normal adult primates P6 expression is regulated in a cell type-specific manner, restricted to a few epithelial tissues. (JHistochem Cytochem 41: [1521] [1522] [1523] [1524] [1525] [1526] [1527] 1993) KEY WORDS: Incegrin p6; "A;
In situ hybridization; Primate tissue; Tissue distribution; Epithelium; Uterus; Endometrium; Kidney; Macula densa.
integrins are involved in regulating cell behavior by transducing cytoplasmic signals in response to binding of ligand.
Although most integrin subunits have been found in a wide variety of different cell types, some have a more restricted distribution. For example, the aIIb-subunit is present only in platelets (Phil- lips et al., 1991) , and the aM-subunit (Mac-1, CDllb) is expressed primarily in granulocytes and monocytes (Springer, 1990) . The expression of integrins in cultured cells has been studied extensively. Integrin levels are often influenced by the differentiation state of the cell (e.g., Burger et al., 1992; Song et al., 1992; Ferreira et al., 1991) and can be modulated by soluble regulatory factors (Defilippi et al., 1991; Santala and Heino, 1991; Ignotz et al., 1989) .
Information on in vivo distribution of integrins is still incomplete, but several conclusions are emerging from experiments using monoclonal anti-integrin antibodies for immunohistochemistry on normal and pathological tissues. In many cases, integrin expression patterns in vivo differ from those in the corresponding cultured cell types. For example, the a5-subunit, a component of the fibronectin receptor a5P1, is rarely found in normal epithelial cells in vivo but is often expressed in primary cultures of epithelial cells, and during wound healing and epithelial repair Grinnell, 1992; Albelda and Buck, 1990) . Coordinated changes in integrin expression occur during embryonic development and tumor progression, suggesting that integrins play a role in tissue remodeling. For example, when placental cytotrophoblasts invade the wall of the uterus, their integrin phenotype changes from a604+ to a@1+ and a501+, which presumably enables the cells to break away from the basement membrane and invade the uterine stroma (Damsky et al., 1992) . In addition, some integrins have very limited distribution in normal adult tissues but are more widely expressed during development or in malignant tumors. For example, the a 4 integrin subunit, which has been found exclusively in leukocytes in normal adult tissues, was recently identified in embryonic muscle cells (Rosen et al., 1992) and is also expressed in melanoma and neuroblastoma cells.
We recently identified the novel integrin b-subunit 06 in primary cultures of airway epithelium (Sheppard et al., 1990 ). An antipeptide antiserum against the cytoplasmic domain of 06 has been used in immunoprecipitation experiments to show that p6 can associate with av in human carcinoma cell lines (Rozzo et al., 1992) . In affinity chromatography experiments, we have found that avb6 binds to fibronectin but not to vitronectin or collagen . Therefore, av06 is a novel member of the a v integrin subfamily. Other known members of this subfamily are avpl, which reportedly binds either fibronectin (Vogel et al., 1990) or vitronectin (Bodary and McLean, 1990) , avj33, which can bind to a variety of ligands, avp5, which is specific for vitronectin Smith et al., 1990) . and avp8, whose ligand specificity is not yet known (Moyle et al., 1991) . Relatively little is known about the in vivo functions and distribution of individual members of the a v family, but the av subunit has been identified in a variety of cell types, including fibroblasts (Pytela et al., 1985) , epithelial cells (Cheresh et al., 1989) , endothelial cells (Dejana et al., 1990) , and leukocytes (Yokoyama et al., 1989) . In contrast, the 06-subunit has been found only in epithelium-derived cultured cells, including primary cultures of airway epithelium and several carcinoma cell lines Quaranta, 1990) .
To understand the in vivo functions of p6, it will be necessary to know which cells express 06 in tissues. We plan to study the distribution of 06 protein by immunohistochemistry; however, suitable antibodies are not yet available. Therefore, we have undertaken a study on the tissue distribution of 06 mRNA using in situ hybridization with a 06-specific cRNA probe. Our results underscore the importance of in vivo distribution studies; we report here that only a few specialized epithelial tissues express high levels of 06 mRNA in vivo, in contrast to the widespread expression of b6 in cultured epithelial cells.
Materials and Methods
Tissues. The tissues used in the experiments were taken from two rhesus monkey tissue banks; one was obtained from a 4-year-old male, the other a 12-year-old female. In addition, an endometrial specimen in proliferative phase of the estrous cycle was obtained from a 3-year-old female thesus monkey. Immediately after removal. tissue was fixed in 4% paraformaldehyde at 4'C for 2 hr. After overnight incubation in 10% sucroselPBS at 4'C. tissue was embedded in OCT (Miles Laboratories; Naperville, IL), snap-frozen in liquid nitrogen, and stored at -70°C. Cryosections (7 pm) were thaw-mounted onto glass slides coated with Vectabond (Vector; Butlin-game, CA) or onto SuperfrostlPLUS slides (Fisher Scientific; Fair Lawn, NJ), refrozen, and stored with desiccant at -70'C before hybridization.
Probe. An 868 BP fragment (nt 542-nt 1415) of human p6 cDNA (Sheppard et al., 1990) was excised with HinDIII and KpnI and cloned into either KSor SK-pBluescript (Suatagene; La Jolla, CA). The resulting plasmids, pBSB6-KS and pBSP6-SK. contained the p6 fragment in opposite orientations relative to the T7 promoter. "S-labeled B6 cRNA probes were generated by in vitro transcription using a commercially available reagent kit (Bethesda Research Labs; Bethesda, MD) and [3'S]-UTP (1200 Cil mMol). T7 RNA polymerase was used to synthesize both anti-sense strand p6 cRNA (using pBSB6-SK) and sense strand cRNA (using pBSB6-KS). Sense strand cRNA, which cannot hybridize with mRNA, was used as a negative control probe.
In Situ Hybridization. In situ hybridization was performed essentially according to Wilcox et al. (1989) with several modifications. Slides were thawed at room temperature (RT) for 5 min. fixed in buffered 4% paraformaldehyde solution for 10 min. and washed twice in 0.5 x SSC (SSC: 150 mM NaCll15 mM sodium citrate, pH 7). The slides were wiped dry around the tissue and laid out flat in airtight boxes on top of filter paper soaked in box buffer (4 x SSCl50% formamide). Each section was covered with 20 p1 of hybridization buffer (50% formamide, 0.3 M NaCI, 20 mM Xis, pH 8, 5 mM EDTA, 1 x Denhardt's, 10% dextran sulfate, 10 mM dithiothreitol, 0.05% yeast tRNA). Riboprobe 3 x 10' cpm in 40 p1 hybridization buffer was added to each section ( 5 x IO3 cpmlD1 final hybridization solution) and incubated for 16 hr at 55°C. This was followed by two washes (10 min each) at RT in wash buffer (2 x SSC, 10 mM 2-mercaptoethanol, 1 mM EDTA). Slides were then immersed in RNAse A solution (20 pglml) for 30 min at RT, washed again twice in wash buffer at RT, then for 2 hr in wash buffer containing 0.1 x SSC at 55°C. Slides were dehydrated by immersing for 2 min each in 50, 70, and 90% ETOH containing 0.3 M ammonium acetate and dried in a Vacuum desiccator. Slides were then exposed to X-ray film (Amersham Hyperfilm Bmax) for 16-72 hr, dipped in 50% Kodak NTB2 nuclear emulsion at 42'C, dried for 2 ht, and finally stored in the dark at 4°C with desiccant for 1-8 weeks. After development the sections were counterstained with hematoxylin and eosin for cell visualization. Sections were photographed under brightfield optics with polarized light epiluminescence (Leitz) illuminating the silver grains as bright spots while at the same time visualizing the tissue, thus facilitating localization of the signal.
Results
We have analyzed 06 mRNA distribution in normal primate tissues by in situ hybridization. More than 40 different tissue samples from rhesus monkey, corresponding to all major organs, were sectioned and hybridized with a 06-specific anti-sense cRNA probe or a sense cRNA control probe. Probes were labeled with [ 3 5 S ] -u T p and hybridized probe was detected by emulsion autoradiography followed by epiluminescence microscopy to visualize silver grains. The density of silver grains after hybridization with the control probe was defined as background, and tissues were scored as positive ( + ) when the density of silver grains produced by anti-sense probe was at least twofold higher than background (Gble 1). Unusually high signals were designated ( + +). The results of at least three independent experiments show that detectable 06 expression was exclusively observed in a subset of epithelial cell layers. Expression was not detected in fibroblasts, muscle cells, nerve cells or blood cells.
As summarized in Table 1 , representative tissues of the cardiovascular, lymphatic, respiratory, endocrine, and nervous systems and the integument were negative. In the lung, both airway epithelial cells and alveolar epithelial cells were negative. l36-positive epithe- lium was found only in the reproductive, digestive, and urinary systems. In most cases, expression levels were low (+ ); however, in two tissues high levels (+ +) of p6 mRNA were observed (kidney and uterus; see below). Some examples of (+) expression are shown in Figures 1B-4B . The lining epithelium of the ducts in salivary gland (Figure 1B) proved positive for p6 mRNA expression. In gallbladder the simple columnar lining epithelium was clearly positive, whereas the cells of the lamina propria were negative ( Figure  2B) . In tongue only the basal layer of the stratified squamous keratinized epithelium was positive (not shown). In the stomach the signal was somewhat stronger in the surface epithelium close to the stomach lumen than in deeper crypts ( Figure 3B ). Simple columnar lining epithelium of the ductuli efferentes in epididymis revealed p6 mRNA expression, whereas the connective tissue wall was negative for p6 ( Figure 4B) .
Of all the tissues tested, only kidney and uterus contained specific epithelial cell types with high 06 "A levels. In kidney we detected 86 in a highly specialized group of cells, termed macula densa, which is a small portion of the distal convoluted tubule that is attached to the glomerulus (Figure 5B) . Other epithelial cells in the kidney tubules and glomeruli were negative. The highest level of p6 mRNA expression was detected in the secretory phase uterine endometrium (Figure 6B) . The signal was most intense in the glandular epithelium of the functional layer. Signal intensity gradually decreased towards the basal layer of the endometrium and was lowest in the less differentiated basal cells near the myometrium ( Figure 7B, arrowhead) . We also analyzed a specimen from another animal that was in the proliferative phase of the estrous cycle. As shown in Figure 7A , p6 mRNA expression was very low throughout the proliferative endometrium.
Discussion
We have previously cloned and sequenced the novel integrin P-subunit p6 (Sheppard et al., 1990) . p6 mRNA and protein have been detected in primary epithelial cell cultures and in epitheliumderived tumor cell lines. We present here data on the expression of p6 mRNA in normal adult rhesus monkey tissues obtained from tissue banks of a male and a female animal plus sections of proliferative phase endometrium of a third animal. Our results on mRNA distribution are likely to reflect the tissue distribution of p6 protein, to provide important clues to the regulation of 06 biosynthesis in vivo, and will complement data on protein distribution obtained in the future.
We detected p6 mRNA in avariety of epithelial tissues but never in non-epithelial cell types. This confirms our earlier results with cultured cell lines and suggests that p6 may be an epitheliumspecific integrin subunit. This is of interest because although many other integrin subunits are expressed by epithelial cells in tissues and in cell culture, none are restricted to this cell type. However, since it is possible that low levels of p6 mRNA undetectable by our method are present in non-epithelial cells, definitive evidence that p6 is an epithelium-specific integrin must await the production of monoclonal antibodies that can be used to detect p6 protein itself.
Our results show that p6 mRNA levels vary greatly among epithelial cells in different normal tissues. Only two very specialized epithelial cell types (endometrium, macula densa) express strik- ingly high levels of (36 mRNA, whereas signals observed in all other epithelia are weak or undetectable. It was surprising that we could not detect (36 mRNA in normal airway epithelium, because we originally identified the p6 mRNA in primary cultures of airway epithelial cells (Sheppard et al., 1990) . This discrepancy apparently is due to induction of (36 transcription by factors in the medium used for these primary cultures. (36 expression in cultured airway epithelial cells is strongly up-regulated by TGFp .
p6 mRNA was undetectable in many epithelial tissues, including lung (airway and alveolar epithelium), skin, liver, and kidney (except macula densa). Low-level expression was detected in several of the lining epithelia of the digestive, urinary, and reproductive systems. These include tongue, stomach, ileum, colon, urinary bladder, gallbladder, and cervix. The epithelium lining the ducts of epididymis, prostate, and mandibular salivary gland was also positive, whereas the secretory epithelial cells of these glands were negative. In some of these tissues fibronectin, the only known ligand for (36, has been observed in the subepithelial basement membrane (e.g.. Malchiodi Albedi et al., 1990; Caselitz et al.. 1988) .
We have detected extraordinarily high levels of (36 in only two specialized cell types, the macula densa cells of kidney and the epithelial cells of secretory endometrium. In the kidney (36 mRNA is undetectable in most tubule epithelial cells but is strongly expressed in a specialized portion of the distal tubule, the macula densa. The significance of p6 expression in macula densa is unclear but may be related to the unusual functional and morphological properties of these cells. The macula densa is part of the juxtaglomerular apparatus UGA), a structure that regulates blood pressure. The signaling function of macula densa cells is reflected in a morphology unique among tubular epithelial cells. Macula densa cells have prominent nuclei located close to the tubule lumen and a Golgi apparatus directed towards the juxtaglomerular cells and the lacis cells instead of towards the lumen of the tubule. Interestingly, the basement membrane underlying tubule epithelial cells is interrupted at the macula densa, allowing the formation of gap junctions between the macula densa cells and the underlying juxtaglomerular cells and lacis cells. It is possible that avp6 is involved in the adhesion of macula densa cells to fibronectin, which is present in the extracellular matrix underlying the macula densa (Blanc-Brunat et al., 1989) . It is also conceivable that p6 is directly involved in interactions between macula densa cells and juxtaglomerular cells and/or lacis cells, by interacting with ligands on the surface of these cells.
The other epithelial cell type expressing high (36 mRNA levels is found in the uterine endometrium. The glandular epithelium of secretory phase endometrium contained the highest p6 mRNA levels of all tissues analyzed in the current study. p6 expression is apparently related to the state of differentiation of the epithelial cells, since p6 mRNA levels were very low in the basal layer of the endometrium, which contains undifferentiated cells, and progressively higher in the functional layer approaching the luminal surface, which contains terminally differentiated secretory cells. A simidistribution gradient within the layers of the Uterus has been recently described (Tabibzadeh, 1992) for several p1 intenrins, in-ization of type IV collagen, fibronectin and laminin in the juxtaglomerular apparatus ofthe rat kidney. Cell Mol Bid 35:469
Bodary SC, McLeanp (1990) : The integrin beta 1 subunit associates with the vitronectin receptor alpha v subunit to form a novel vitronectin receptor in a human embryonic kidney cell line. J Biol Chem 2655938 cluding a3p1 and alpl. In contrast to 66, these integrins are strongly expressed in the basal layer and decreased in the functional layer, suggesting that inverse regulation of integrin expression takes place during endometrial gland maturation. In particular, one fibronectin receptor (a3P1) is replaced by another potential fibronectin receptor (avpb), suggesting functional differences between these integrins. In addition, p6 expression may be hormonally regulated, because it was very low throughout the endometrium obtained from another animal in the proliferative phase of the menstrual cycle. However, more specimens taken at different stages of the estrous cycle will have to be analyzed to characterize the cycle dependence of p6 expression in more detail.
Our results are in general agreement with a recent study (Lessey et al., 1992) showing that another member of the a v integrin subfamily, i.e., the avp3 heterodimer, is strongly up-regulated in endometrial glands during mid-secretory phase. Lessey et al. also show that the av subunit is not expressed during the proliferative phase and increases throughout the second half of the cycle. Therefore, several av integrins may play specific roles in the function of secretory phase glandular epithelium. In contrast, most members of the 81 integrin family are evenly expressed throughout proliferative phase and secretory phase (Lessey et al., 1992; Tabibzadeh, 1992) , with the exception of alp1 and a4p1, which are increased in secretory phase glands (Tabibzadeh, 1990 (Tabibzadeh, ,1992 .
We can only speculate about the nature of the ligand(s) that may interact with avp6 in secretory endometrial glands. The only known ligand, fibronectin, is present in increased amounts in the secretory phase subepithelial matrix (Grinnell et al., 1982) . However, it is not clear whether fibronectin is an integral component of the basement membrane underlying the epithelial cell layer and whether the epithelial cells are in direct contact with matrix fibronectin. It is also possible that a v integrins play a role in preparing the endometrium for implantation of the embryo, which takes place in mid-secretory phase at a time when av integrin expression is up-regulated. Since fibronectin is present on the surface of the blastocyst (Turpeenniemi-Hujanen et al., 1992; Yohkaichiya et al., 1988) it is conceivable that avP6 expressed by the endometrium could be involved in the initial attachment of the embryo to the uterine surface epithelium. Studies on the subcellular distribution of p6 protein and its ligand-binding properties in endometrial epithelial cells will be required to gain a better understanding of the functional role of p6 in the endometrium.
In conclusion, we have shown that mRNA encoding the integrin P6-subunit is expressed in a very limited number of normal epithelial cell types. The observed elevated levels of p6 expression in macula densa cells and in glandular endometrial cells provide first clues to possible functions of the p6 integrin subunit in vivo.
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